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To realize the full spectrum of advantages that the III-nitride materials system offers, the 
demonstration of p-channel III-nitride based devices is valuable. Authors report the first p-
type field effect transistor (pFET) based on an AlGaN/GaN superlattice (SL), grown using 
MOCVD. Magnesium was used as the p-type dopant. A sheet resistance of 11.6 kΩ/■, and a 
contact resistance of 14.9 Ω.mm was determined using transmission line measurements 
(TLM) for a Mg doping of 1.5 × 1019 cm-3 of Mg. Mobilities in the range of 7−10 cm2/Vs and 
a total sheet charge density in the range of 1 × 1013 – 6 × 1013 cm-2 were measured using room 
temperature Hall effect measurements. Without Tetramethylammonium hydroxide (TMAH) 
treatment, the fabricated pFETs had a maximum drain-source current (IDS) of 3mA/mm and 
an On-Resistance (RON) of 3.48 kΩ.mm, and did not turn-off completely. With TMAH 
treatment during fabrication, a maximum IDS of 4.5mA/mm, RON of 2.2kΩ.mm, and five 
orders of current modulation was demonstrated, which is the highest achieved for a p-type 
transistor based on (Al,Ga)N.   
1. Introduction 
Gallium nitride (GaN) based solid-state lighting has revolutionized the optoelectronics 
industry due to its efficiency, low cost and durability.[1] GaN, other III-nitrides and their 
alloys are the preferred material system for next-generation electronic devices, realizing the 
needs of advanced communication systems, power conversion and energy conservation, thus 
enabling compact and affordable electronic systems.[2-10] The wide-bandgap of GaN (~3.4eV) 
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enables devices with higher breakdown voltages, and the built-in polarization fields in 
AlGaN/GaN heterostructures lead to a very high mobility and charge in two-dimensional 
electron-gases (2DEG).[11,12] But, to tap into the versatility of this materials system, 
complementary MOS (CMOS) circuits based on GaN and its alloys are desired. CMOS based 
on GaN has the potential to adopt Si based CMOS topologies, and can be used to realize very 
efficient gate drivers and high-voltage DC-to-DC converters.[13] Unfortunately, like in most 
wide-bandgap materials, the properties of holes in GaN has limited the implementation of p-
channel devices in the past. 
The high effective mass of holes in GaN results in a low hole mobility, with the maximum 
observed value being 40 cm2/Vs at a hole concentration of 2 × 1012 cm-2 in a two 
dimensional-hole gas (2DHG), and 20 cm2/Vs in bulk p-GaN (p=1 × 1017 cm-3).[14,15] In 
addition, Mg, which is commonly used as the p-type dopant is a deep acceptor in GaN and 
AlGaN (160 - 220 meV).[16,17] Furthermore metal-organic chemical vapor depostion 
(MOCVD) grown p-GaN material, like the one reported here, is passivated by hydrogen in the 
as-grown state and needs annealing at a high temperature (here, 8250C) for activation.[18] 
Additionally, the high p-GaN work function at typical doping levels results in challenges to 
making ohmic contacts to p-type GaN.[19] 
In view of these challenges, III-nitride based p-FETs have received significantly less attention 
compared to GaN-based HEMTs.[14, 20-27] In this report, we present the first p-type 
GaN/AlGaN superlattice pFET.  Based on a reported AlGaN/GaN p-MOS, the On-Resistance 
(RON) of the device can be modelled according to Equation (1).
[25]  
RON = (2 × Rcontact) + Rchannel + Raccess-source + Raccess-drain   (1) 
Depending on the design of the device structure, the use of GaN/AlGaN superlattice(SL) can 
help reduce either the Raccess or Rchannel of the device. Application of periodic oscillations to 
the valence band edge can help to increase the doping efficiency of acceptors in p-type III-
nitride materials.[28] With polarization effects aiding the process, SLs lead to the necessary 
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valence band edge oscillations.[29] As demonstrated by Kozodoy et al.,the use of AlGaN/GaN 
SLs lead to an increased overall hole concentration as it facilitates the ionization of deep 
acceptors in the barriers into the valence band of the narrower bandgap material (here, 
GaN).[30] SLs also give rise to 2DHG formation at the GaN/AlGaN interfaces, thus leading to 
improved mobility values in the channel, and reduced resistances.  
2. Ga-polar Uniformly doped p-type Al0.2Ga0.8N/GaN SL – Material growth 
Figure 1 shows the p-(GaN/AlGaN) SL epitaxial structure. MOCVD technique was used to 
grow the epitaxial samples on sapphire substrates. First, 1.5µm of semi-insulating GaN was 
deposited, followed by 16nm of uniformly doped p-type GaN:Mg with [Mg]=4.5 × 1019 cm-3. 
This layer was used to counter dope polarization related 2DEG formation during Al(x)Ga1-xN 
deposition. Above this, 20nm Al(x)Ga1-xN:Mg was grown where the composition was graded 
from x=0 – 12% followed by 4nm Al0.2Ga0.8N  to be used as the back-barrier for hole 
transport. The next layers consisted of the SL stack with 4,7 and 10 SL periods of 8nm p-
GaN/8nm p-Al0.2Ga0.8N uniformly doped with 1.5 × 10
19 cm-3 of Mg. Finally, a 20nm p-GaN 
cap was grown, which was doped with 4.5 × 1019 cm-3 of Mg, to act as the contact layer. The 
as-grown material was characterized using secondary ion mass spectroscopy (SIMS), X-ray 
diffraction (XRD) and atomic force microscopy (AFM), (not shown). The electrical properties 
of the planar samples were investigated by room temperature Hall and transmission line 
measurements (TLMs). The latter were carried out with device isolation. Reported p-FET 
devices were fabricated from 4 period SL samples.   
Since the Mg acceptors were passivated in the as-grown material, optimization of the post 
growth activation annealing was carried out as well. 100nm SiO2 was deposited using 
PECVD on the as-grown samples to protect their surface. 3 minute rapid thermal annealing 
(RTA) was carried out for Mg dopant activation at temperatures in the range of 6750C-9000C 
in nitrogen and nitrogen/oxygen ambient. Figure 2 shows the sheet resistance as a function of 
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activation temperature. The optimum activation temperature was found to be 8250C and was 
used for all the samples processed. 
Figure 3 shows total hole sheet charge density (ps) and hole mobility as a function of the Mg 
doping in samples with 10 SL periods. The ps decreased from 6.25 × 10
13 cm-2 to  1 × 1013 
cm-2 as the Mg doping was increased from 1.5 × 1019 cm-3 to  6 × 1019 cm-3. This behavior 
may be due to the self-compensation and/or formation of Mg clusters at high Mg doping.[31] 
Over the same doping range, the hole mobility, µp, increased from 6 cm
2/Vs to 10.2 cm2/Vs, 
increasing with decreasinghole sheet charge density. Figure 4 displays the sheet resistance of 
the same samples determined in the TLM measurements.  The data confirm the observation of 
the Hall measurements, and the sheet resistance increased as the Mg doping was raised. The 
lowest sheet resistance of 11.6k/■ was obtained for the samples with the lowest Mg doping 
of 1.5 × 1019 cm-3  in the SL.  
Figure 5 shows the total sheet charge density and the hole mobility as a function of the SL 
period for samples with 1.5 × 1019 cm-3 Mg doping. ps increased as the SL period was 
increased from 4 to 7, but slightly decreased again when the SL period was increased from 7 
to 10 SL periods. Most likely, not all the SL periods in the 10-period sample were contacted 
by the top p-contact, leading to an effectively lower charge than expected.The hole mobility 
was largely invariant as the SL periods were varied from 4 to 10.  
3. Planar single-channel pFET process flow 
For device fabrication, a 4 period SL sample with a Mg doping of 1.5 × 1019 cm-3 was chosen.  
The design used for device fabrication was a 3-period SL gate recess, as shown in Figure 6. 
Figure 7 illustrates the process flow for the devices, without TMAH treatment. The 
fabrication steps were as follows: (1) PECVD SiO2 was deposited on the as-grown sample 
followed by 3-minute RTA activation at 825OC; (2) SiO2 was removed followed by ohmic 
metal deposition for source and drain. A palladium (20nm)/ gold (200nm) metal stack was 
used for the ohmic contacts; (3) A low power etch was carried out for the mesa etch to isolate 
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the devices; (4) A low power etch was also used for the 3-period SL gate recess etch to leave 
one conductive channel under the gate; (5) Atomic layer deposition (ALD) technique was 
used to deposit 10nm of aluminum oxide (Al2O3), to be used as the gate dielectric; (6) A gate 
metal stack of titanium/gold was deposited. The fabricated device had a gate length of 0.5µm, 
a gate-source spacing of 1.0µm, and a gate-drain spacing of 2.0µm. For devices fabricated 
with TMAH treatment, the treatment as performed at 800C for 30 min after gate etch (step 4 
in Figure 7), to remove any material which was damaged during the gate dry etch, from  the 
sidewalls. 
Plasma etch damage of GaN under gate and sidewalls can lead to gate leakage hampering the 
current modulation by the gate. It has been reported that TMAH treatment at elevated 
temperature removes the damaged region from the sidewall and makes it smooth and 
vertical.[32] Figure 8 shows the SEM images before and after TMAH treatment. For the 
device with TMAH treament, 10 nm SiO2 was deposited by ALD to serve as dielectric. The 
fabricated device had a gate length of 0.6µm, a gate-source spacing of 0.4µm, and a gate-
drain spacing of 0.7µm. 
4. Device characterization  
4.1. Devices without TMAH treatment 
Figure 9 shows the output characteristics of pFET devices fabricated without TMAH 
treatment. The device exhibited a maximum drain-source current (IDS) of 3mA/mm and an 
On-Resistance (RON) of 3.48kΩ.mm. The device did not pinch-off due to gate leakage and 
RON was dominated by contact resistance and valence band discontinuities for vertical 
transport. 
4.2. Devices with TMAH treatment 
As described before, the TMAH treatment was implemented after the gate etch to remove any 
damaged material and hence reduce the gate leakage and subsequently pinch-off the device. 
Using TLM measurements, a sheet resistance(Rsh) of 11.6 kΩ/■ and a contact resistance(Rc) 
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of 14.9Ω-mm were obtained, as shown in Figure 10. The fabricated transistors exhibited a 
maximum current of 4.5 mA/mm for VGS of -9 V and VDS of -10V (Figure 11) . The IDS as a 
function of VDS plot showed a clear current saturation and effective gate control, while IDS as a 
function of VGS curve showed five orders of modulation - Ion/Ioff ~10
5 (Figure 12). Linear 
scale transfer characteristics showed a pinch-off voltage of 2V and gmax of 0.35 mS/mm 
(Figure 13). The output charcteristics also depicted a slight turn-on voltage, which was due to 
the non-ohmic nature of metal contacts. 
5. Conclusion 
With a maximum IDS = 4.5mA/mm, the AlGaN/GaN SL devices with TMAH etch during 
fabrication demonstrated the highest current amongst reported p-channel FETs based on 
AlGaN/GaN-only materials system, to date. Improvements in the device performance are 
expected through - further optimization of (a) contacts and gate dielectric, and (b) the 
composition, number of periods, and doping in the p-(GaN/AlGaN) SL. This report presents 
the first demonstration of an AlGaN/GaN SL based p-FET which along with already existing 
GaN nFETs can enable GaN based wide-bandgap CMOS. To achieve the complete benefit of 
using the superlattice, a FinFET or tri-gate device structure is to be fabricated to contact all 
the active p-type channels in the device. Wide-bandgap CMOS can open the path to achieving 
GaN based integrated circuit systems, and efficient and fast single-stage 48V to 1V DC-DC 
converters. 
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Figure 1. Design of the epitaxial structure for the superlattice p-(GaN/AlGaN) FET. 
Superlattice series with 4,7, and 10 SL periods was grown. 
Figure 2. Sheet resistance as a function of activation temperature from the TLM 
measurements on non-isolated device samples. 
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Figure 3. Room temperature Hall measurements yielding (left) total sheet charge density and 
(right) mobility of holes as a function of Mg doping in the sample 
Figure 4. Sheet resistance as a function of Mg doping derived from the TLM measurements 
 
Figure 5. Room temperature Hall measurements yielding (left) total sheet charge density and 
(right) mobility of holes as a function of p-(GaN/AlGaN) SL periods 
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Figure 6. 3-period SL gate recess device design used for pFET fabrication. 
 
 
Figure 7. Device fabrication process flow for the p-(GaN/AlGaN) SL FET without TMAH 
treatment. 
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Figure 8. SEM images (left) before and (right) after TMAH treatment at 800C for 30mins  
 
Figure 9. Output characteristics of the pFET fabricated without TMAH treatment 
Figure 10. Resistance as a function of TLM spacing. 
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Figure 11. Output characteristics of the pFET fabricated with TMAH treatment 
Figure 12. Log scale transfer characteristics of the pFET fabricated with TMAH treatment, 
showing five orders of current modulation and a gate leakage current orders of magnitude less 
than the drain current 
 
Figure 13. Linear scale transfer characteristics of the pFET fabricated with TMAH treatment, 
showing a pinch-off voltage of 2V and gmax of 0.35 mS/mm 
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This paper shows the first demonstration of a p-type field effect transistor (pFET) based on an 
AlGaN/GaN superlattice (SL). MOCVD growth technique was used magnesium was used as 
the p-type dopant. With Tetramethylammonium hydroxide (TMAH) treatment during 
fabrication, a maximum IDS of 4.5mA/mm, RON of 2.2kΩ.mm, and five orders of current 
modulation was demonstrated.  
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